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DOE Microelectronics Co -Design Research: 

ñHybrid Cryogenic Detector Architectures for Sensing and Edge Computing

enabled by new Fabrication Processes ò

Advancement of two complementary classes of cryogenic state-of-the-art single-photon 

and particle detectors: 

Å the Skipper CCD -in-CMOS silicon detector 

Å a hybrid detector platform based on superconducting nanowires

Development and co-design of: 

Å advanced fabrication and integration techniques

Å novel optimized hybrid readout architectures

Å cryo-ASICs and cryotron-based superconducting electronics for integrated sensing 

and data reduction at source, through feature extraction and edge computing .
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Hybrid nanowire-based 

superconducting detector platform
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Hybrid architecture for cryogenic detectors, based on the co-design of:

1 ïsuperconducting sensor (SNSPD), 

2 ïnanocryotron-based superconducting electronics (xTRON), 

3 ïcryoCMOS ASIC in nanometer scale (22nm FDX). 

Å develop the technology required for overall integration at cryogenic 

temperatures (Matt Shaw ïJPL)

Å SC and cryo-CMOS modeling and extraction (Synopsys, EPFL)

Goal: scalable, large count detector with edge computing and integrated sensing  Ą

on-chip DNN and physics-driven hardware codesign (e.g FNALôs Autoencoder)

Device-circuits-system codesign will concurrently enable large channel count, power 

optimization, impedance matching, edge compute and feature extraction, and data 

processing

Qing-Yuan Zhaoet al2017
Supercond. Sci. Technol. 30044002



Superconducting Nanowires Detectors 

As PHOTON DETECTORS:
Å Highest performing detectors available for time-correlated single 

photon counting from the deep UV to the mid-infrared
Å Demonstrated detection efficiencies as high as 98% at 1550 nm
Å Timing jitter below 3 ps
Å Effectively zero dark count rates
Å Intrinsic photon number resolution
Å Maximum count rates exceeding 1 Gcpsin arrays

As PARTICLE DETECTORS:
Å/ŀƴ ƘŀǾŜ ƘƛƎƘ ǎŜƎƳŜƴǘŀǘƛƻƴ όϤмлǳƳ άǇƛȄŜƭǎέύ
Å Can be truly edgeless detector (important for beam monitoring)
Å Operation in high magnetic field (5T)
Å Radiation hardness to be investigated at Fermilab test beam facility

Unique capabilities for far-
forward detectors that 
operate close to the beam 
(high T, high radiation, high 
segmentation)

Exploited for photon 
detection (classical and 
quantum optics and 
communication)



ǒ /ŀƭǘŜŎƘκWt[ ǘƻŘŜǾŜƭƻǇ ŀ ƴŀƴƻŦŀōǊƛŎŀǘƛƻƴ ǇǊƻŎŜǎǎ ǿƘƛŎƘ ǿƛƭƭ ŜƴŀōƭŜ ƛƴŘƛǳƳ ōǳƳǇ 

ōƻƴŘƛƴƎ ƻŦ {b{t5 ŦƻŎŀƭ ǇƭŀƴŜǎ ǘƻ ƛƴǘŜǊǇƻǎŜǊ ǎǘǊǳŎǘǳǊŜǎΣ 

ǒ 9ǾŀƭǳŀǘŜ ǘƘŜ ƭƛƳƛǘǎ ƻŦ ǳƭǘǊŀπƘƛƎƘπŘŜƴǎƛǘȅ ŎǊȅƻƎŜƴƛŎ ƳƛŎǊƻǿŀǾŜ ƛƴǘŜǊŎƻƴƴŜŎǘǎΣ 

ǒ ŀƴŘ ǇŜǊŦƻǊƳ ƛƴǘŜǊŦŀŎŜ ǘŜǎǘǎ ōŜǘǿŜŜƴ {b{t5 ŘŜǾƛŎŜǎ ŀƴŘ ŘƛƎƛǘŀƭ ǊŜŀŘƻǳǘ ŜƭŜŎǘǊƻƴƛŎǎ 

ŘŜǾŜƭƻǇŜŘ ŀǘ Cb![ ŀƴŘ aL¢Φ 
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Superconducting Integration (Matt Shaw, JPL) 



Nanocryotrons (MIT, K.Berggren )
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ǒ Family of devices based on superconducting nanowires

ǒ Can thus be monolithically integrated with the nanowire sensor

ǒ Can be configured to operate as comparators, logic gates, signal 

level shifters, memories, shift registersé

ǒ Impedance matching drive high-impedance loads and drive 

following cryoCMOS stage

Ą Ideally suited for feature extraction and data reduction at the edge

ǒ Evaluating radiation hardness (fabrication and architecture) and 

optimal energy budgeting

ǒ Developing increasingly complex circuits as well as work on yield

nTron hTron yTron



ǒ Operation at <4K demonstrated in modern, state-of-the-art 

commercial processes (no special processing)

ǒ Leverage low power, high performance ASICs for signal 

conditioning, time-tagging, data concentrator/edge computing, and 

serialization/readout

ǒ Highlights:
ƺ SiGe HBT (high performance LNA)

ƺ FDSOI with backgate control to compensate for threshold increase at cryo

ǒ Fermilab and EPFL currently collaborating on EAD-compatible 

cryomodels for Global Foundriesô 22nm FDSOI 
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CryoCMO S

Amplification could be done 

in either xTron or ASIC

Fermilabôs 22nm prototype



ÅUnlike conventional bipolar transistors, when cooled SiGeHBTsexhibit improved frequency response,
current gain,noise,bandwidth, output conductanceandother performancemetrics.

ÅBiCMOS(SiGeHBT+ SiCMOS)platform ideal mixed-signaltechnologythat marrieshigh-performanceSiGe
HBTsfor analog,RF,andmicrowavecircuits,with SiCMOSto supporthighly-integratedsystemfunctionality.

SiGeHeterojunction Bipolar Transistors (HBTs) at cryogenic temperatures

Å Fabricatedon largewafers(300mm) at high yield and low cost
using conventional silicon processingtechniquesand silicon
economy-of-scale.

Å SiGe HBTs cooled to temperatures as low at 70
mKdemonstratedoperability for a varietyof interestingcircuit
designs(gainof 2000at 100mKat onlya few µW dissipation).

Å At sub-K, the amplification principle becomesfundamentally
quantum mechanical in nature, as tunneling becomes the
dominant transport mechanism. Constant operation across
temperaturebelow ~7K.

H. Ying et al., "Operation of SiGeHBTs Down to 70 mK," in IEEE 
Electron Device Letters, vol. 38, no. 1, pp. 12-15, Jan. 2017.



In collaboration with Synopsys

ǒ SC electronics models (MIT, FNAL)

ǒ cryoCMOSmodels (FNAL, EPFL) 

ǒ Prototyped ateststructurefor1/f

noisemeasurement

Now simulating CMOS + xTron+ SNSPD

SC and cryo -CMOS modeling and extraction



ǒ xTron driving directly comparator for binary readout

ǒ Active quenching biasing from ASIC can reduce the deadtime of the nanowires 
Prasana Ravindran, Risheng Cheng, Hong Tang, and Joseph C. Bardin, "Active quenching of superconducting nanowire single photon detectors," Opt. Express 28, 4099-4114 (2020) 

ǒ CryoCMOS allows for fine resolution TDCs for time tagging

ǒ Fermilab prototyped a 22nm cryo TDC for 5ps resolution and >10ns range (7b fine, 10b coarse), 

<0.5mW

ǒ Digital readout:

ƺ Event driven, serializer, line drivers, etc.

ǒ Feature extraction:
ƺ Correlation between detector layers

ƺ Event selection/reconstruction

ƺ DNN 
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~1mm

cryoASIC readout and control


